ABSTRACT This study was conducted to evaluate the efficacy of 5 different CO 2 euthanasia induction techniques for day-old cull chicks in minimizing distress and inducing a rapid loss of sensibility and death. Each induction treatment was characterized for concentration change over time, maximum concentration, and time to reach maximum. Sixteen chicks were euthanized with the gradual treatments to establish validity of treatment. Then, all 5 treatments were evaluated for effect on distress, insensibility, and death. Day-of-hatch cull chicks (n = 110) were euthanized in pairs by either immersion into 100% CO 2 or gradual induction to 100% CO 2 at displacement rates of 7, 14, 21, or 28% of chamber volume added per min (% vol/min). CO 2 concentration was measured at chick level. Live focal observations and video recordings were used to assess latency to behavioral responses: head shaking (HS) and gasping (GS) as indicators of distress; loss of posture (LOP) as an indicator of insensibility; and cessation of rhythmic breathing (CRB) and movement (COM), indicating death. All behaviors occurred at the earliest with immersion compared to gradual treatments, and time between first signs of distress and LOP was shorter for immersion than gradual treatments. Gradual treatments showed a linear decrease in latency to HS, GS, and LOP as displacement rate increased. Latency to CRB decreased quadratically with increasing displacement rate, while COM decreased linearly. Within gradual treatments, HS and GS occurred at CO 2 concentrations between 0.43 and 1.14%, LOP between 11.1 and 17.5%, while CRB and COM occurred between 61.8 and 78.4%. Overall, immersion induced distress, insensibility, and death significantly faster and with the shortest interval between distress and insensibility. For gradual treatment, insensibility and death occurred faster with increasing displacement rates. Behavioral signs of distress were observed with all treatments, and occurred at concentrations lower than those causing insensibility. In conclusion, immersion into 100% CO 2 environment resulted in the shortest time of distress and fastest time to death compared to gradual displacement rates of any speed measured.
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INTRODUCTION
Within the poultry industry, cull chicks are routinely euthanized at commercial hatcheries. Maceration, with the use of specialized equipment, has been a commonly used method for humanely killing of chicks less than 3 d of age as it results in near instantaneous death via the physical disruption of the brain via fragmentation (Close et al., 1996; Gurung et al., 2018 (NFACC, 2016) and the AVMA (2013) list maceration as an acceptable-with-conditions method of euthanasia for chicks up to 72 h, many hatcheries are moving away from maceration for esthetic reasons, and exploring the use of carbon dioxide (CO 2 ) gas for euthanasia as an alternative.
Gaseous euthanasia involves exposing an animal to high concentrations of an inhalant, resulting in loss of sensibility and eventual death (Galvin et al., 2005; Raj et al., 2006; AVMA, 2013) . Inhalation of CO 2 gas induces insensibility and death via both hypoxia and hypercapnia (AVMA, 2013; Terlouw et al., 2016) . The increased CO 2 and decreased O 2 levels in respired air associated with hypercapnia (AVMA, 2013; Terlouw et al., 2016) result in acidification of the blood (Gerritzen 2043 (Gerritzen et al., 2013 Cors et al., 2015; Terlouw et al., 2016) . The reduction in blood pH causes acidification of the cerebral spinal fluid and brain cells, which depressed brain activity, resulting in insensibility, loss of respiratory and cardiac function, and finally death (Gerritzen et al., 2013; Cors et al., 2015; Terlouw et al.,2016) .
Although CO 2 is successful at inducing both insensibility and death, the loss of consciousness is not immediate. There is a period of time between initial exposure to the gas and insensibility that may result in distress Gerritzen et al., 2013) . CO 2 gas is highly acidic, and forms carbonic acid when in contact with mucosal tissue, which likely causes pain and discomfort (Lambooij et al., 1999; Hawkins et al., 2006; Turner et al., 2012) . Furthermore, the depression of the respiratory system by CO 2 results in dyspnea. Dyspnea or breathlessness is the sensation of difficulty in breathing or breathing discomfort, which likely is unpleasant and possibly distressing (Hawkins et al., 2006; Raj et al., 2006) . Research in rodents indicated that it may be possible to induce insensibility at CO 2 levels below the aversive level with certain induction techniques (Burkholder et al., 2010; AVMA, 2013) . Similar research with adult poultry has shown conflicting evidence, with some, but not all, suggesting that the anesthetic effect of CO 2 may occur prior to it becoming painful (Webster and Fletcher, 2001; Gerritzen et al., 2004; McKeegan et al., 2006) .
Gaseous euthanasia of adult birds can be performed by either gradually filling the euthanasia chamber, or by immersing birds into a pre-filled chamber (Close et al., 1996; Galvin et al., 2005) . Both methods have their advantages and disadvantages. The gradual addition of 100% CO 2 into the induction chamber is recommended by the AVMA (2013), as it is thought to result in a death involving little pain or distress (AVMA, 2013) . This assumption is based on research suggesting that a gradual flow rate allows the anesthetic effect of CO 2 to occur before the gas reaches distressful or painful levels (Gerritzen et al., 2004) . This anesthetic effect is achieved at approximately 17% CO 2 (Gerritzen et al., 2004) , while indicators of distress are noted at concentrations of 10 to 25% CO 2 (McKeegan et al., 2006) , suggesting that the loss of consciousness could occur prior to the onset of distress.
The second method, in which the animal is immersed into a pre-filled gas chamber, is less documented, but research has shown that it induces a rapid loss of sensibility and death, and is faster than the gradual method (Hawkins et al., 2006) . A concern with immersion induction is that the rapid transition into high CO 2 atmosphere means the bird is immediately exposed to CO 2 concentrations that may cause pain or distress instead of undergoing a more gradual exposure. Immersion is stated to only be acceptable at low CO 2 concentrations as then it would not cause distress (AVMA, 2013) . The consensus in the literature for adult birds is that a gentle death or death with minimal pain that takes longer is preferred to a quick death with obvious signs of distress (Coenen et al., 2000; AVMA, 2013) .
Insensibility is a crucial component of euthanasia, as a lack of sensibility means an inability for the bird to feel painful stimuli. The aversive nature of CO 2 means a rapid onset of insensibility is even more vital. Previous studies into gaseous euthanasia during depopulation of poultry have used a loss of posture, defined as when the bird is unable to maintain its upright position and loses neck tension, as an indicator of insensibility (Gerritzen et al., 2004 (Gerritzen et al., , 2007 . A commonly utilized method for indicating loss of sensibility is the loss of somatosensory evoked potentials (SEP) when measuring brain activity by EEG. Research comparing loss of posture to the loss of SEP has shown that the former is an indicator of insensibility (Raj, 1998; Gerritzen et al., 2004) , suggesting that this measure (loss of posture) indicates loss of sensibility during exposure to CO 2 .
There is currently little information available on the proper method of using CO 2 to humanely kill day-old cull chicks. Day-old chicks are more resistant to hypercapnia and anoxia, as the in ovo environment can have CO 2 concentrations as high as 14% (Jaksch, 1981) , and arterial pCO 2 in the embryo can reach 60 mm Hg (Freeman and Vince, 1974) . Thus, neonates may be able to tolerate higher concentrations of CO 2 (Jaksch, 1981) . This tolerance means that data pertaining to adult chickens euthanized by CO 2 may not be transferable, and CO 2 concentrations may need to be higher for chicks and poults compared to older poultry (Jaksch, 1981) . A study with neonates in which gaseous euthanasia was conducted via immersion into 60% CO 2 in residual air found that the time until death was longer for neonates than adult birds (Raj et al., 1992) , while a second study using immersion into 90% CO 2 with residual air concluded that higher concentrations were required for neonates (Raj and Whittington, 1995) . This suggests that when using gaseous euthanasia for neonates, a higher CO 2 concentration and a longer exposure time are needed that would be necessary for adult birds.
Recent research by Gurung et al. (2018) investigating euthanasia methods for neonates compared gaseous euthanasia via gradual induction with CO 2 or N 2 and euthanasia via low atmospheric pressure stunning. The shortest latencies to insensibility and death were seen with the CO 2 treatments. These treatments were gradual inductions, and 100% CO 2 was introduced continually until final chamber concentrations of 75 or 90% were reached. The authors found no difference in stress response among treatments, and concluded that gradual induction to a final concentration of 75% CO 2 is sufficient for humane euthanasia for male layer neonates (Gurung et al., 2018) . The current hatchery practice for the euthanasia of cull poultry with CO 2 involves exposing chicks to CO 2 concentrations of 60 to 70% for 5 min (AVMA, 2002; Hester, 2005) . However, there is a variation in the recommendations made in the To fully understand the welfare impact of CO 2 gaseous euthanasia on day-old chicks, research is needed to establish the appropriate gas concentrations, displacement rates, and exposure times for a rapid onset of insensibility and death, as well as to determine whether CO 2 causes distress for day-old chicks. The objective of this study was to examine the efficacy of 5 CO 2 induction methods for euthanizing dayold chicks, including immersion into 100% CO 2 and 4 different displacement rates, on the time to insensibility and death.
MATERIALS AND METHODS

Animals
All research was approved by the University of Saskatchewan's Animal Care Committee, and by the recommendations of the Canadian Council on Animal Care (1993, 2009 ). The study was conducted using a total of 126 mixed sex Ross 308 cull broiler chicks from a local commercial hatchery. Cull birds were used as these are most representative of birds requiring euthanasia in industry practice. Experiments were conducted on the day of hatch, and birds were provided with water and feed, and held at 32
• C prior to euthanasia to maintain chicks on day of trial.
Experimental Design
Carbon dioxide gas induction treatments were evaluated in this experiment in 3 phases: treatment characterization, a pilot study, and a comprehensive replicated experiment. The induction treatments are described in Table 1 .
Phase I-Treatment Characterization The 4 gradual CO 2 induction treatments (7, 14, 21, and 28% vol/min) were characterized to establish the effect of varying displacement rates on the change in CO 2 parameters and ambient conditions within the euthanasia chamber.
Phase II-Pilot Study The 4 gradual treatments were tested on a small sample of birds to establish whether the treatments successfully resulted in insensibility and death, and whether they were appropriate for the euthanasia of day-old chicks and further study. Sixteen cull broiler chicks were obtained from a commercial hatchery on day of hatch, and randomly assigned one of the 4 gradual induction treatments. Each of the induction treatments was tested twice, with 2 birds in the chamber per treatment run. Behavioral indicators of insensibility and death were documented via live observation and video recording for both birds in the chamber for all of the treatment runs. For each displacement rate, the maximum and minimum time from gas introduction to insensibility and death were recorded, as well as the overall minimum exposure time required.
Phase III-Replicated Study A total of 110 cull broiler chicks were exposed to treatment on day of hatch. The experiment was performed over 3 d, and day-of-hatch chicks were obtained from a commercial hatchery and exposed to CO 2 on the same day. The 5 treatments tested were immersion into 100% CO 2 , gradual induction of 100% CO 2 at a displacement rate of 7, 14, 21, or 28% vol/min. Each treatment was tested 11 times (determined as appropriate with the use of an randomized complete block design power test with estimated means and standard deviations reported in Raj and Gregory, 1990) , with each run of the 5 treatments treated as a block. The treatment order within each block was randomized using a computer-generated random number table, and chicks were randomly assigned a treatment. The times from gas introduction until performance of behavioral indicators of insensibility, death, and distress were recorded as well as the CO 2 concentrations at which the behaviors were observed.
Experimental Apparatus and Procedure
Gas euthanasia was conducted in a 42.5-L Euthanex EZ-197 Induction chamber (Euthanex Corp., Palmer, PA, USA; dimensions: 46 × 30.5 × 30.5 cm) via an EP-1305 LPM CO2 Regulator (Euthanex Corp., Palmer, PA, USA) using 99.998% Research Grade CO 2 (Praxair Canada Inc., Calgary, AB, CA). The concentration of CO 2 at chick level was measured using a CM-0121 COZIR Wide range 100% CO 2 Sensor (CO2meter.com, Inc., Ormond Beach, FL, USA) and monitored with associated GasLab software (CO2meter.com, Inc., Ormond Beach, FL, USA).
In phase I, the CM-0121 CO 2 sensor was placed at a height of 5.5 to 6 cm in the center of the chamber wall, opposite to the wall in which the gas inlet was positioned, to monitor the level of CO 2 at chick height. The relative humidity and temperature were assessed using iButton Hygrochron DS1923-F5# data loggers (Maxim Integrated; San Jose, CA, USA) at 3 different locations: center of the chamber floor, a height of 5 cm from the chamber floor on the chamber wall with the gas inlet, and at 10 cm from the chamber floor on the wall opposite the gas inlet (Figure 1 ). The recording of CO 2 concentration, temperature, and relative humidity started 2 min prior to initiation of gas induction to allow for baseline atmospheric recordings.
For phases II and III, the live bird experiments, the CO 2 sensor was placed at a height of 5.5 cm above the chamber floor on the chamber wall parallel to the gas inlet, and the iButton Hygrochron DS1923-F5# data logger (Maxim Integrated; San Jose, CA, USA) was placed on the chamber wall adjacent to the gas inlet, to allow for a reading of the environment at chick level without hindering live or video observation. Chamber temperatures consistently remained within 19 to 24
• C for the duration of each test. Prior to each treatment, 2 chicks were weighed, and small ink mark was made on the head, chest, and back of bird 1for identification. For gradual induction treatments, the chicks were placed in the chamber and allowed to habituate to the chamber for 1 min, during which baseline atmospheric recordings were taken continuously at a sampling frequency of once per 5 s. The CO 2 gas was then introduced at the appropriate treatment level, and the chick behaviors and reflexes were recorded via live observation and via video cameras (Canon Vixia HFR700 Camcorders; Canon Canada, Mississauga, ON, Canada). The gas flow was maintained until 1 min after complete cessation of movement. The birds were then removed from the chamber, cessation of heartbeat was confirmed by stethoscope (Littmann Classic, 3 M; London, ON, Canada), and insensibility was confirmed via a lack of response to the pedal reflex withdrawal test (Erasmus et al., 2010) . Both chicks were monitored for 5 min, after which death was confirmed via both the absence of heart beat and pedal reflex. For the immersion treatments, the chamber was filled until it reached a concentration of 100% CO 2 , after which the birds were placed inside the chamber and the same experimental procedure was followed. For all chicks, cervical dislocation was performed as a secondary euthanasia method, after the 5-min monitoring period.
Behavioural Observations
Behavioral observation was conducted via focal sampling, with the performance of behaviors recorded continuously from time of gas introduction to cessation of movement, and for both birds in the chamber individually. All live behavioral observations were conducted by 2 observers throughout the experiment. During live observation, the blinding of observers was not possible, but observation of video recordings was blinded. Reliability between observers was measured and a Pearson correlation coefficient of 0.99 (P < 0.01) was found. The behavioral responses of the chicks were used to measure latency to signs of distress from the CO 2 , onset of insensibility and death. Head shaking and gasping were considered to be signs of distress (Lambooij et al., 1999; Gerritzen et al., 2004) . Loss of posture was used as an indicator of insensibility. The onset of death was split into the respiratory arrest and death. Absence of rhythmic breathing was the indicator used for respiratory arrest, and cessation of movement was used to indicate death. Latency to occurrence of behavior was recorded as time from introduction of CO 2 to performance of behavior. Definitions of the behaviors are shown in Table 2 .
Video recordings were taken with 3 video camcorders and stored on memory cards (Canon Canada, Mississauga, ON, Canada). The cameras recorded continuously throughout all runs during both phase II and III, and captured the entire chamber. The 3 cameras captured 2 perpendicular side views and a top view to ensure different angles and views were available if a bird was not visible in 1 video. The video recordings were used to verify the live behavioral observation, when the time could not be recorded for an observed behavior or a behavior was missed during live observations.
Carbon Dioxide, Temperature, and Relative Humidity Collection
During treatment characterization (phase I), CO 2 concentration was continuously measured, and then analyzed for rate of concentration change, time taken to reach 20 and 40% CO 2 , and the maximum concentration of CO 2 achieved in the chamber as well as the time taken to reach maximum concentration for each displacement rate. Temperature and relative humidity were measured prior to, during and after the CO 2 induction for each treatment, and analyzed for their minimum and maximum values. For the pilot study (phase II), the CO 2 concentration, temperature, and relative humidity within the chamber were measured, and analyzed for the minimum and maximum concentrations required for loss of posture, cessation of rhythmic breathing, and movement of the chicks within each gradual treatment, as well as the maximum and minimum temperature and relative humidity reached throughout the experiment.
In the comprehensive study (phase III), each of the treatments was analyzed for the CO 2 concentrations at which loss of posture, the cessation of movement and rhythmic breathing occurred, as well as concentration at first performance of behaviors indicative of distress (head shaking and gasping). Temperature and RH were monitored to allow characterization of the environment within the chamber throughout the experiment.
Statistical Analyses
Phase I Data for maximum CO 2 concentration and rate of concentration change in phase I was analyzed using induction treatment as the main effect via PROC MIXED in SAS 9.4 (SAS Inst. Inc., Cary, NC, USA). When differences were significant, a Tukey-Kramer post hoc test was used for means separation. Regression analyses were performed to determine the relationship between induction method and time to reach maximum concentration and rate of concentration (PROC REG to test linear trends and PROC RSREG for quadratic trends).
Phase III Prior to data analyses, latencies for behavioral observation for each bird were averaged for the 2 observers and the means from both birds within a chamber were pooled. Birds that recovered were removed from the data set in order to prevent skewing. Behavioral and CO 2 concentration data in phase III were tested for normality and then (log+1) transformed prior to analyses. Main effect of induction treatment (1-way factorial arrangement) was analyzed as a randomized complete block design using PROC MIXED, with block as random variable and chamber run as experimental unit. If means were significantly different, means separation was performed using a Tukey-Kramer post hoc test. Regression analyses were performed for gradual induction treatments to determine the effect of displacement rate with PROC REG and RSREG. Multivariate analysis of variance was performed to determine presence of correlation between behavior and concentration data using PROC GLM. Differences were considered significant when P ≤ 0.05.
RESULTS
Treatment Characterization
The 4 induction treatments (7, 14, 21, and 28% vol/min) all reached a maximum concentration of 100% CO 2 and did so in a quadratic fashion, with time to reach maximum concentration decreasing as displacement rate increase (Table 3) . A quadratic relationship was also found for CO 2 concentration as a function of time (Table 3) , with concentration increasing as displacement rates increased.
For all induction treatments, the temperature stayed consistent during the testing, ranging from 19.1 to 20.1
• C within the chamber (Table 3) .
Pilot Study
All treatments were capable of inducing insensibility and death, with loss of posture, cessation of rhythmic breathing, and cessation of movement occurring for all 4 treatments. The minimum and maximum latency to onset of behavior are shown in Table 4 . The overall minimum and maximum time from gas introduction to loss of posture were 47 and 118 s, respectively, whereas the minimum times for cessation of rhythmic breathing and movement were 141 and 146 s, respectively, and the maximum times were 543 and 586 s, respectively. The maximum time to insensibility was 118 s and maximum time to death was 568 s (9:46 min), so the minimum exposure time was established as being 10 min.
Definitive Study
Behaviour All behavioral indicators had a significantly shorter latency to onset with immersion into a 100% CO 2 chamber compared to when displacement rates of 7, 14, 21, and 24% vol/min were used (Figure 2 ). Latency to headshaking and gasping for immersion were 1 and 3 s, respectively, with latency to loss of posture, cessation of rhythmic breathing and movement being 9, 18, and 56 s, respectively. Within the gradual induction techniques, faster rates resulted in shorter times (linear) to performance of headshaking, gasping, and loss of posture (Table 5 ). Time to cessation of rhythmic breathing had a quadratic relationship with rates, and decreased as rates increased, while cessation of movement decreased linearly. Table 6 presents the time between first performance of distress behavior and loss of posture, which represents the time in which birds may be conscious to the distressful effects of CO 2 . The time between first performance headshaking or gasping, and loss of posture was significantly shorter for the immersion treatment as compared to any of the gradual treatments. Within the latter group, these times were longer when a slow displacement rate of 7% vol/min was used.
Headshaking and gasping behaviors occurred repeatedly prior to cessation, and both the duration from first to final performance and the number of incidences of behavior performance were less for the immersion treatment than any of the gradual treatments (Table 7) . The proportion of total time spent performing headshaking was longest for gradual treatment 28% vol/min, which differed from gradual treatments 7 and 14% vol/min, while the proportion of total time spent gasping was also longest for the gradual treatment of 28% vol/min, and differed from the gradual treatment of 7% vol/min. CO 2 Concentrations Regardless of the displacement rate, chicks began headshaking, gasping, and demonstrated loss of posture at similar CO 2 concentrations (%) ( Table 8) . A difference was noted between treatments for the concentration at which cessation of rhythmic breathing and movement occurred. Rhythmic breathing ceased at a lower concentration of 61.79% with 7% vol/min compared to 66.75% with 28% vol/min. Cessation of movement occurred at lower concentration for 7% vol/min, then for both 21 and 28% vol/min. Overall, the mean concentration for behaviors indicative of distress was between 0.43 to 1.14%, while insensibility occurred between 11.13 to 17.53% and death occurred between 70.27 to 78.39%.
Latency to observed behaviors was positively correlated with the concentration at performance for loss of posture, cessation of rhythmic breathing, and cessation of movement. Loss of posture showed a moderate positive correlation, with a correlation coefficient of 0.366 (P = 0.0187), whereas cessation of rhythmic breathing and cessation of movement showed strong positive Table 5 . Effect of 4 gradual CO 2 induction treatments on the time from gas introduction to performance of behavioral indicators of distress, insensibility, and death in day-old broiler chicks. Table 7 . Effect of CO 2 induction treatment on the duration, incidences, rate, and proportion of time spent headshaking and gasping in day-old broiler chicks. correlation with correlation coefficients of 0.786 (P < 0.000) and 0.821 (P < 0.0001), respectively. Unsuccessful Euthanasia Throughout the experiment there were 4 birds that regained consciousness within 5 min after removal from the Euthanex box. These occurred with gradual treatments of 7 (1 bird), 21 (1 bird), and 28 (2 birds)% vol/min. No birds regained consciousness when exposed to a 100% pre-filled CO 2 chamber.
DISCUSSION
Insensibility and Death
The recommendation for gas euthanasia of older birds involves a fast gas introduction into the euthanasia chamber, with a displacement rate of 10 to 30% of chamber volume added per minute (AVMA, 2013) or a gradual increase by introduction of 100% CO 2 to a minimum concentration of 40% for an exposure time of 30 min (Gerritzen et al., 2004) . The evidence from this study shows that fast induction rates are not ideal for the euthanasia of day-old chicks. In fact, the time to loss of sensibility was more than 80% quicker for chicks placed into a 100% pre-filled environment as compared to the high displacement rate tested (8 s for 100% immersion vs. 41 s for gradual treatment of 28% vol/min).
Our findings provide further evidence that there is a difference in response to CO 2 between neonates compared to the published literature for older birds, as the concentrations at which distress, insensibility, and death occurs for day-of-hatch broiler chicks in response to CO 2 euthanasia are different from the concentrations shown by research involving older birds. In response to gradual induction of CO 2 to a maximum concentration of 40%, week-old broilers showed head shaking at 8.3% CO 2 , gasping at 9.2%, loss of posture at 19%, and death at a final concentration of 40% (Gerritzen et al., 2007) . Although the concentration at loss of posture occurs is within a similar range to that found in this experiment, the concentration at which death occurs is much lower in older birds, while the concentrations for behaviors indicative of distress are much higher (Table 8) . Our results suggest that the neonates' higher tolerance to CO 2 , previously shown by Raj and colleagues (Raj et al., 1992; Raj and Whittington, 1995) , increases time to death and may affect the onset of insensibility. This may suggest that chicks do not have an increased tolerance to the distress resulting from CO 2 . The tolerance to hypercapnia post hatch has been attributed to the higher CO 2 environment in the egg during incubation (Jaksch, 1981) . More specifically, the tolerance may be attributed to the compensatory mechanism utilized by the embryo to counteract the hypercapnic environment and threat of respiratory acidosis (Burggren et al., 2015) , resulting from the increased pCO 2 in the blood and air cell during incubation due to the increasing metabolic demands of the embryo (Freeman and Vince, 1974) . In ovo, chicks regulate the acid-base balance by increasing the bicarbonate concentration (HCO 3 − ) to compensate for this increased pCO 2 in the air cell and blood (Burggren et al., 2015) . This embryonic compensatory mechanism may still be present in neonates on the day of hatch and thus help explain the higher tolerance of neonate cells to hypercapnic death. As the behaviors indicative of distress involve other physiological processes and responses to CO 2 , this mechanism could explain why no increased tolerance was seen for these behaviors.
The consistent variation in time to insensibility and death with the variation in displacement rates noted within the literature suggests that the onset of insensibility and death are dependent on the atmospheric and inspired CO 2 concentrations rather than the rate of gas introduction. This is shown in our findings, as the fastest induction was with immersion in which the atmospheric CO 2 concentration is already present and high at chick introduction. In this treatment, the time to insensibility and death was not dependent on the time for atmospheric CO 2 to reach a sufficient concentration, but instead on the time for the body to respond physiologically to CO 2 , for the CO 2 to saturate the tissues, and result in depression of neuron function and eventually cell death (Lambooij et al., 1999) . The next fastest induction was with the fast displacement rate, as the faster gas introduction meant the chamber reached the necessary concentrations quicker.
Aversion and Distress
That distress and aversion occurs with high concentrations of CO 2 and has a negative welfare impact that is well-established in mammals. Pain is the most commonly described negative sensory experience, and in CO 2 euthanasia pain is associated with carbonic acid formation on the mucous membranes of the upper respiratory tract (Lambooij et al., 1999; Coenen et al., 2000) . Pain has been well documented in humans and other mammals during exposures to high levels of CO 2 on induction, but there is discussion as to whether CO 2 induction is painful in birds (McKeegan et al., 2006 (McKeegan et al., , 2007 . Dyspnea, or breathlessness, is another negative experience commonly associated with distress during CO 2 gas exposure (Gerritzen et al., 2004 (Gerritzen et al., , 2007 Raj et al, 2006) and can be described in terms of its 3 different qualities: respiratory effort, air hunger, and chest tightness (Beausoleil and Mellor, 2015) . An increase in atmospheric CO 2 , such as with gaseous euthanasia, will result in both unpleasant respiratory effort and air hunger. Respiratory effort is an awareness to an increased effort needed to achieve the necessary level of ventilation (Beausoleil and Mellor, 2015) . During CO 2 euthanasia there will be an unpleasant increase in respiratory effort as lack of available O 2 will cause tissue hypoxia in the respiratory muscle, thus decreasing the muscular functioning and respiratory ability (Beausoleil and Mellor, 2015) . Air hunger is the increased urge or increased need to breathe, and occurs with CO 2 euthanasia as the increased arterial pCO 2 resulting from hypercapnia increases the automatic command to breathe, and results in air hunger Beausoleil and Mellor, 2015) . Breathlessness has also been shown to activate the same regions of the brain as other negative sensory experiences such as pain, hunger, and thirst in mammals (Beausoleil and Mellor, 2015) , suggesting that the dyspnea occurring with CO 2 is a significant stressor and an important factor in the welfare impact of gaseous euthanasia. Gasping is an indicator of respiratory distress and breathlessness (Gerritzen et al., 2004; Raj et al., 2006) , as the act of gasping implies an increased effort needed to breathe (Coenen et al., 2000) , and is mediated by receptors in the lower respiratory tract that respond to a slight increase in inspired CO 2 concentration (McKeegan et al., 2005) .
Head shaking has been proposed as being either an indication of irritation of gustatory or nasal trigeminal receptors (McKeegan et al., 2006) or an indication that birds are dizzy or disorientated (Gerritzen et al., 2007) , thus indicative of negative subjective experiences of either pain or disorientation. Despite not being able to quantify the experience of distress, the observation of headshaking and gasping with all of the induction treatments suggests that CO 2 is distressful to neonates whether this is due to pain, breathlessness, or another unknown negative sensory experience.
Recommendations for euthanasia with CO 2 for adult birds state that a mild or non-distressful slow death is preferable to a rapid death with clear indications of distress (Coenen et al., 2000; AVMA, 2013) , based on the assumption that a slower death minimizes the distress associated with CO 2 and allows for the onset of anesthetic effect of CO 2 prior to pain or distress. Our study showed that in day-old chicks, behaviors indicative of distress occurred for all induction treatments, regardless of speed of introduction of gas or immersion. Headshaking and gasping also occurred at concentrations much lower than the concentration at which loss of posture occurred. This difference in CO 2 concentration at which behaviors occur (as well as the latency to performance of behaviors), means that the duration of time between first behavioral indication of distress and loss of posture is a period prior to insensibility in which the chicks are conscious and could experience pain and discomfort. Behaviors indicative of distress are also performed repetitively and continually until loss of posture, giving further indication that this entire period is distressful (Gerritzen et al., 2007) . Although our findings showed a higher proportion of time spent performing distress behaviors with the faster gradual treatment, this is likely to be due to the significantly shorter latencies to death rather than performance of behaviors themselves, as the duration of this were equal. Thus, an induction method with the shortest duration of time spent performing indicators of distress and with the shortest time between first indicators of distress and loss of posture have the least negative welfare impact . Based on the behavioral responses seen with all induction treatments, it can be concluded that a gentle distress-less death with CO 2 did not occur. Thus, faster the insensibility occurs, the less time neonates are conscious to the breathlessness, disorientation, pain, and possible aversion.
CONCLUSION
From this experiment it can be concluded that when comparing the efficacy of CO 2 induction treatments for neonates, immersion into a euthanasia chamber prefilled to 100% CO 2 induced a rapid loss of consciousness and death, significantly faster than any gradual induction treatments. The immersion treatments also had the shortest period of time between first indicators of distress and insensibility, thus the least amount of time the chick can perceive negative sensory aspects of CO 2 that result in distress. With the gradual induction method, the faster rate of CO 2 introduction was associated with shorter latencies to insensibility and death. Behavioral indicators of distress were observed with all the treatments, and started at low CO 2 concentrations (<1.5%). This observation demonstrates that with neonates there is no opportunity for anesthetic effect of CO 2 to occur prior to distress and there is no increased tolerance to the distressful components of CO 2 ; thus, a slow gentle death does not seem to occur. Therefore, euthanasia via an induction treatment with a shorter exposure to the distressful conditions of CO 2 may be the most welfare friendly for chicks on day of hatch. The immersion of chicks in 100% CO 2 in a commercial hatchery may be difficult to achieve; thus, at present research is ongoing to investigate euthanasia via immersion into lower concentrations of CO 2.
